Melanoma is known to be under latent immunosurveillance. Here, we studied four biomarkers of immunogenic cell stress and death (microtubule-associated proteins 1A/1B light chain 3B (MAP-LC3B, best known as LC3B)-positive puncta in the cytoplasm as a sign of autophagy; presence of nuclear HMGB1; phosphorylation of eIF2a; increase in ploidy) in melanoma cells, in tissue microarrays (TMA) from metastases from 147 melanoma patients. These biomarkers of immunogenicity were correlated with the density of immune cells infiltrating the metastases and expressing CD3, CD4
, CD8
C , CD20, CD45, CD56, CD138, CD163, DC-LAMP or FOXP3. LC3B puncta positively correlated with the infiltration of metastases by CD163
C macrophages, while expression of HMGB1 correlated with infiltration by FOXP3 C regulatory T cells and CD56 C lymphocytes. eIF2a phosphorylation was associated with an augmentation of nuclear diameters, reflecting an increase in ploidy. Interestingly, therapeutic vaccination led to a reduction of eIF2a phosphorylation suggestive of immunoselection against cells bearing this sign of endoplasmic reticulum (ER) stress. None of the stress/death-related biomarkers had a significant prognostic impact, contrasting with the major prognostic effect of the ratio of cytotoxic T lymphocytes (CTL) over immunosuppressive FOXP3
C and CD163 C cells. Altogether, these results support the idea of a mutual dialog between, on one hand, melanoma cells with their cell-intrinsic stress pathways and, on the other hand, immune effectors. Future work is required to understand the detailed mechanisms of this interaction.
Introduction
There is growing awareness that cancer including melanoma is not just a cell-autonomous disease and that malignancy only can develop in the context of failing immunosurveillance. [1] [2] [3] [4] At least for melanoma, this concept has been fully proven at the clinical level, as demonstrated by the spectacular therapeutic success of immune checkpoint blockers neutralizing CTLA-4 or the PD-1/PD-L1 interaction. [5] [6] [7] [8] Indeed, even advanced, metastatic melanoma responds in most cases to the combined blockade of CTLA-4 and PD-1. 9 One particular mechanism to induce an anticancer immune response is the induction of immunogenic cell death (ICD), a modality of cell death that is preceded by stress responses that alert the innate immune response. 10, 11 ICD is accompanied by the induction of autophagy, which facilitates the optimal release of ATP by lysosomal exocytosis during the blebbing phase of apoptosis. 12, 13 Extracellular ATP is a potent chemotactic signal for inducing the infiltration of tumors by myeloid cells including dendritic cell (DC) precursors. 12, 14, 15 ICD is also preceded by ER stress leading to the phosphorylation of eukaryotic initiation factor 2a (eIF2a) and the subsequent exposure of calreticulin (CALR) at the surface of the cancer cell. 16, 17 Surface CALR then serves as an "eat-me" signal to facilitate the transfer of portions of the cancer cell into immature DCs, for subsequent cross-presentation of tumor antigens. 18 After plasma membrane permeabilization, dead cells release high mobility group B1 (HMGB1) from their nuclei. HMGB1 then acts on toll-like receptor 4 (TLR4) on the surface of DCs to stimulate tumor antigen presentation.
There is growing evidence that the aforementioned molecules and processes determine the anticancer immune response in patients with malignant diseases. 21, 22 Hence, disabled autophagy with primary cancer cells indicates poor prognosis in breast cancer, 23 correlating with signs of a poor local immune response and hence a reduced infiltration by CD8 C CTL and an enhanced infiltration by immunosuppressive FOX3 C regulatory T cells or CD68 C macrophages, resulting in a major decline in CD8
C /FOXP C and CD8 C /CD68 C ratios. 24 The suppression of autophagy can be deduced from the absence of LC3B puncta in the cytoplasm of malignant cells, as detectable by immunohistochemistry. 23, 25 Reduced expression of CALR by cancer cells has been correlated with poor prognosis and reduced infiltration by CTL in colorectal cancer, 26 as well as in non-small cell lung cancer (NSCLC). 27, 28 Similarly, low phosphorylation of eIF2a, which can be measured by immunohistochemistry using a phospho-neoepitope-specific antibody, predicts poor local immune responses and dismal prognosis in NSCLC. 28 In breast cancer, eIF2a phosphorylation could be associated with an increased ploidy (which induces ER stress and correlates with an increase in nuclear size) and the CD8 C
/FOXP
C ratio within tumor infiltrating T lymphocytes.
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Absent HMGB1 expression correlated with a general drop in all immune effectors in breast cancers and indicated poor prognosis.
23,24
The aforementioned examples illustrate the tight relationship between immunogenic stress signals within cancer cells, the composition of the immune infiltrate and the evolution of malignant disease in several major carcinomas, namely, breast, lung and colorectal cancers. Based on this premise, we decided to investigate the impact of ICD-related biomarkers detectable by immunohistochemistry on a series of melanoma metastases that have previously been characterized for the composition of their immune infiltrate, confirming the contention that even late-stage melanoma is under immunosurveillance. 30 Our results reveal that ICD-related biomarkers within melanoma cells do affect the composition of the immune infiltrate of metastatic lesions. However, the impact of such ICD-related biomarkers on the immune infiltrate in melanoma metastases is quite different from that observed in primary lesions from major carcinomas.
Results and discussion

Prognostic impact of the immune infiltrate in melanoma metastases
As previously reported, 30 there is a strong positive correlation among the presence of distinct leukocyte populations in melanoma metastases. This applies to the density of cells bearing lymphocyte markers (CD20 expressed on B cells; CD138 expressed by plasma cells; CD3, CD4
C and CD8 C expressed on T cells; CD56 expressed on NK cells), DC markers (DC-LAMP) and even markers that have been linked to immunosuppression (CD163, FOXP3 and PD1, which are expressed by macrophages, regulatory T cells and exhausted lymphocytes, respectively) (Fig. S1 ). Accordingly, all but one of the infiltrating immune cell types tended to have a positive prognostic impact (which was significant, after adjustment for the clinical stage, for cells expressing CD128, CD20, CD3, CD4
C , CD8 C , CD56 or FOXP3) on patient survival. Only CD163 C macrophages tended to have a -however non-significant -negative impact on patient survival (Fig. 1A) . It may appear counterintuitive that the presence of immunosuppressive FOXP3
C T cells has a positive impact on patient survival. This paradox may be explained by the fact that the expression of immune cell subtypes tend to correlate among each other in a positive way (Fig. S1 ), meaning that even the presence of immunosuppressive subpopulations indicates the occurrence of an organized immune infiltrate. 31 Accordingly, when calculating the ratios of the immune effectors with respect to FOXP3 C Tregs, a favorable frequency of CD20
C
/FOXP3
C and CD8 C /FOXP3 C cells correlated with overall survival (OS). Similarly, the ratios of CD20 C /CD163
C and CD8
C /CD163 C cells had a positive impact on patient survival (Figs. 1A-E).
Immunohistochemical detection of stress-related biomarkers in melanoma metastases
We used established immunohistochemical methods 23, 25, 29, 32 for staining melanoma tissues for the detection of eIF2a phosphorylation (a marker of ER stress), nuclear diameter (which correlates with ploidy), cytoplasmic LC3B puncta (a marker of autophagy) and nuclear HMGB1 (an endogenous ligand of TLR4). Quantitation focused on malignant (rather than stromal) cells and was based on intensity (for phospho-eIF2a), diameter (for nuclei) or percentages of cells positive for cytoplasmic LC3B puncta or nuclear HMGB1 (Figs. 2A-H). As expected, 29 the intensity of eIF2a phosphorylation positively correlated with nuclear size (Fig. 3A) . In contrast, LC3B puncta and nuclear HMGB1 did not correlate among each other, nor did they correlate with eIF2a phosphorylation and nuclear size (Figs. 3B-F). Hence, ER stress apparently does not impact on the autophagy-related LC3B puncta. Irrespective of these considerations, it appears that melanoma cells are heterogeneous with respect to stress markers. In the next step, we explored the relationship of such biomarkers to immune parameters.
Relationship between the immune infiltrate and eIF2a phosphorylation or hyperploidy eIF2a phosphorylation and nuclear size both failed to correlate with any of the immune markers studied here, as exemplified by the absence of correlations between phospho-eIF2a or nuclear diameter and the infiltration by CD8
. Accordingly, in the whole cohort, phospho-eIF2a or nuclear diameter had no significant impact (after adjustment) on overall patient survival (Figs. S2-5). Nonetheless melanomas with increased nuclear size (which may indicate pleomorphy) tended to have a worse prognosis with an adjusted p-value of 0.0527 (Fig. S4F) . Interestingly, the level of eIF2a phosphorylation declined among those patients that had been vaccinated before surgical removal of the tumor (Fig. 4E ), suggesting that this lifeextending measure 30 causes the elimination of particularly immunogenic cells with hyperphosphorylated eIF2a. Nonetheless, we did not observe a similar reduction in nuclear diameter (Fig. S5) , suggesting that vaccination can affect eIF2a phosphorylation without a concomitant effect on ploidy.
Immunological effects of LC3B puncta and HMGB1 expression Significant (p < 0.05) positive correlations were observed between the presence of LC3B puncta in the cytoplasm of malignant cells and FOXP3
C or CD163 C immune infiltrates but not on other immune subtypes (Figs. 5A-C). Accordingly, a strong negative correlation was found when the percentage of malignant LC3B dot (Figs. 6D, E) . However, no significant correlation between patient survival and LC3B puncta or HMGB1 expression could be detected (Figs. S6-9 ).
Concluding remarks
Previously, we have studied the relationship between prognosis, immune infiltrate and stress-associated biomarkers in breast and lung cancer. There are two striking differences between our prior work (on primary breast and lung cancer samples) and the present study (on melanoma metastases), although all these cancer types appear to be under strong immunosurveillance, meaning that the presence of an immune infiltrate and, more so, favorable ratios between immune effectors and immunosuppressive cell types predict improved OS. 21, 31, [33] [34] [35] [36] [37] [38] [39] 28 First, none of the malignant cell stress-related biomarkers had any impact on melanoma patient survival, contrasting with the observation that the presence of LC3B puncta and high expression of HMGB1 has a positive effect on the life expectancy of breast cancer patients. 23 This discrepancy might be related to the stage of patients (operable breast cancer vs. stage III/IV melanoma), intrinsic biological differences between neoplasias (perhaps related to the epithelial vs. neuroectodermal origin of these tumor types), or a rather distinct organization of the immunosurveillance system. In favor of this latter hypothesis, there is a major difference between breast cancer and melanoma. In primary breast cancers, the absence of LC3B puncta is accompanied by a major reduction in the CD8 C /FOXP C ratio (as well as the ratio of CD8 How can this paradox be resolved? As a possibility, in (early) breast cancer, immunosurveillance may be at a stage at which the potential release of DAMPs (ATP due to autophagy, HMGB1 due to its presence in nuclei) has a stimulatory effect on the anticancer immune response. In contrast, in (late) melanoma, immunosurveillance may be at a stage that is not any more depending on the release of DAMPs and at which malignant cells have been subjected to heavy immunoediting (perhaps with the consequent elimination of cells that have the potential of DAMP release). The potential presence of such an immunoediting process is indicated by the fact that tumors from patients that have undergone therapeutic vaccination exhibit reduced eIF2a phosphorylation. However, such tumors do not exhibit any additional differences (with respect to nuclear size, LC3B puncta or HMGB1 expression), meaning that this explanation requires further validation.
In conclusion, the present study reveals unexpected links between cancer cell-intrinsic stress pathways and local immunosurveillance. Altogether, our findings support the idea of a strong reciprocal relationship between the tumor microenvironment and stress signals emitted by malignant cells.
Patients and methods
Patients
We reviewed surgical pathology reports of melanoma metastases in the Anatomic Pathology Software System , and 183 metastatic melanoma samples from 147 patients with clinical follow-up and ample surgical pathology material were selected to obtain core samples from at least three to four tumor regions to construct TMAs. The interval from date of surgery to date of last contact (death or last follow-up) ranged from 1 to 358 mo (mean: 37; median: 13.7 for deceased patients, 63 for alive patients). One-third of the patients (49) participated in experimental melanoma vaccine trials at Department of Surgery, University of Virginia, Charlottesville, nine of whom (18%) remained alive more than 5 y and were clinically free of disease at last follow-up. Of these, tumor was resected before, or after, enrolling in a vaccine trial.
Some patients had two to five synchronous or metachronous metastases. At surgery for the earliest specimen, 103 patients had stage III melanoma (4 IIIA, 40 IIIB, and 59 IIIC) and 44 had stage IV melanoma. Of the 183 specimens, 83 were in lymph nodes, 92 in skin and soft tissue, seven in small intestine, and one peritoneal. There were significant differences based on metastatic tissue site: melanomas metastatic to lymph nodes 
respectively). CD20
C B lymphocytes were highest in lymph nodes metastases and least prevalent in small bowel metastases. Macrophage (CD163) counts were similar among metastatic sites. CD56
C cell counts were very low in all groups, without significant differences.
Construction of tissue microarrays
Formalin-fixed paraffin-embedded (FFPE) tissue blocks were retrieved from archives of the Department of Pathology, University of Virginia. Use of human tissues was approved by the UVA Institutional Review Board (protocol 10598). Hematoxylin and eosin (H&E) slides from each block were reviewed by a pathologist (JS) to identify tumor areas. TMAs were constructed with 1.0-mm diameter tissue cores from representative tumor areas from the FFPE tissue blocks, transferred into a recipient paraffin block using a semi-automated tissue array instrument (TMArrayer; Pathology Devices). Quadruplicate or triplicate tissue cores were taken from each specimen, resulting in nine composite TMA blocks containing tissue cores from 18 to 27 specimens each. Control tissues from spleen, liver, placenta, and kidney were included in each TMA block. Multiple 4-mm sections were cut for H&E and immunohistochemical staining.
Immunohistochemistry for immune infiltrates
TMA tissue sections were deparaffinized in xylene and rehydrated by sequential incubation in ethanol/water solutions. Heat-induced antigen retrieval was performed in citrate buffer/ low pH for most antibodies, or in EDTA/high pH buffer for antibodies directed to CD4 C , CD8 C , and CD56. Sections were incubated 60 min at room temperature (RT) with antibodies to Envision system (enzyme-conjugated polymer backbone coupled to secondary antibodies) and 3,30-diaminobenzidine chromogen (Dako) were applied to develop the staining. After rinsing with water, sections were counterstained with Hematoxylin (Vector Laboratories) and coverslipped with mounting medium (Vecta-Mount; Vector Laboratories).
Immunohistochemistry for biomarkers of immunogenic stress
HMGB1 staining: Formalin-fixed, paraffin-embedded TMA sections were deparaffinized with three successive passages through xylene, and rehydrated by sequential incubation in ethanol/water solutions. Antigen retrieval was carried out by heating slides for 30 min in pH 6.0 citrate buffer at 98 C and cooling them for 45 min, at RT. The TMA sections were mounted on Shandon Sequenza coverplates (Thermo Fisher Scientific, 72-199-50) in distilled water. Sections were then saturated 20 min with Protein Block Serum Free (DAKO). Without washing, the primary antibody, a polyclonal rabbit anti HMGB1 antibody (4 mg/mL,# PA1-16926,ThermoScientist Pierce), was incubated overnight, Endogenous peroxidase activity was inhibited with 3% hydrogen peroxidase (DAKO) for 15 min followed by the secondary antibody (Envision-Rabbit, Dako) for 45 min. Peroxidase activity was revealed by means of daminobenzidine substrate (DAB, Dako), and the sections were counterstained with Mayer's hematoxylin.
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LC3B staining: We previously described a validated immunohistochemical protocol for the detection of LC3B puncta in human FFPE cancer specimens. 25 Briefly, immunohistochemical staining of TMA sections was performed using the Novolink Kit (Menarini Diagnostics, RE7140-K). Deparaffinized and heated tissue sections for 30 min in pH 6.0 citrate buffer at Phospho-eIF2a (phospho S51) staining Formalin-fixed, paraffin-embedded TMA sections were deparaffinized with three successive passages through xylene, and rehydrated by sequential incubation in ethanol/water solutions. Antigen retrieval was carried out by heating slides for 20 min in pH 7.3 citrate buffer at 98 C and cooling them for 30 min, RT. The TMA sections were mounted on Shandon Sequenza coverplates (Thermo Fisher Scientific, 72-199-50) in distilled water. Sections were then saturated 2 h with TBS-1% BSA-10% of goat serum (VECTOR). Without washing, the primary antibody, a monoclonal rabbit anti Anti-Phospho-eIF2a (phospho S51) antibody (7mg/mL,# ab32157, abcam), was incubated overnight. Endogenous peroxidase activity was inhibited with 3% hydrogen peroxidase (DAKO) for 15 min followed by the secondary antibody (Envision-Rabbit, Dako) for 45 min. Peroxidase activity was revealed by means of daminobenzidine substrate (DAB, Dako), and the sections were counterstained with Mayer's hematoxylin.
Pathologic assessment
Quantification of immune cells Tumor-infiltrating immune cells were quantified on H&E-stained sections. Cores with no tumor tissue, more than 50% necrosis, or hemorrhage were excluded. Stained cells were enumerated by a pathologist (GE) on each core in a high-power microscope field, excluding cells within blood vessels or in hemorrhagic or necrotic areas. Cell counts were normalized to per mm 2 . Images were obtained using an Olympus BX51 microscope coupled to an Olympus BP70 digital camera (Olympus America Inc.), and software Image ProPlus 4.5 for Windows.
Pathologic assessment for biomarkers of immunogenic stress For HMGB1 staining, the pattern of expression (nuclear or not) was evaluated in tumor cells: strong nuclear staining of at least 50% of the tumor cells was considered positive for HMGB1 tumor expression. The presence of LC3B puncta in tumor cells and the percentage of tumor cells with detectable LC3B puncta were assessed, independently of the intensity of diffuse cytoplasmic staining. Considering the possibility of tumor heterogeneity, LC3B pathological evaluations were done on the whole tumor area and at least 15 high-power fields (x20). Concerning phospho-eIF2a, after staining, images were acquired with a virtual slide microscope VS120-SL (Olympus, Tokyo, Japan), 20x air objective (0.75 NA). VSI coded images 
e1160193-8
were transformed into TIFF file format using the OliVIA image viewer software. These images were thereafter analyzed by the public program ImageJ. Nuclear diameter was obtained measuring the straight tool. Phospho-eIF2a quantification was carried out calculating the integrated density of a predetermined rectangular selection on representative stained cells.
Statistical analysis
Clinicopathological characteristics were available for 143 patients (see Table S1 ). Data analyses and representations were performed within the statistical environment R. Individual data points representing the measurement from one patient were systematically graphed alongside with the box-and-whisker plots calculated from the corresponding distribution. Proportions of positive HMGB1 and LC3 spots were modeled by quasi-binomial logistic regression from the overall count of spots, whereas eIF2a averaged intensity, averaged nucleus diameter, immunological parameters (after square root transformation), and ratios between them (after log transformation) were modeled by linear regression. Spearman rho statistics, Kruskal Wallis and Wilcoxon rank-sum tests were also presented for comparison. OS was determined from the date of surgery and censored at the last follow-up date (missing for one patient) or at 10 y (eight patients). Survival curves were estimated by the KaplanMeier product-limit method and their distributions compared by Cox proportional hazards regression. Multivariate adjustment was performed on patient age at surgery and disease stage (IIIACB vs. IIIC vs. IV) and. Unless stated otherwise, p-values are two-sided, reported together with the back-transformed 95% confidence intervals for the statistics of interest and considered significant when <0.05. To determine adequate cutoff values for patient survival stratification, the martingale residuals for the MFS Cox regression model, and log-rank statistics of all possible cutpoints were calculated.
